1. By recording eye movements with the search coil technique and subjecting them to an accurate infinite Fourier transform algorithm, we describe the Fourier spectra of human and monkey saccades. In both species we find heretofore undescribed features consisting of a regular pattern of local minima in the power plot, which cannot be attributed to noise. The frequency of these minima is well correlated with saccade duration.
2. Computer simulation shows that if the pulse component of the saccade is considered to be rectangular, then the first of these minima (called M 1) occurs at a frequency that is the reciprocal of the duration of the pulse.
3. Comparing the position of this component during individual monkey saccades with electrophysiological recordings of motoneurons during the same saccades leads to the conclusion that these minima are related to the burst components in ocular motoneuron discharges. Specifically, the reciprocals of the frequencies of these minima are correlated with the duration of the burst component in the motoneuron discharge. 4. In the Fourier spectra of human saccades, the relationship of the frequency of M 1 to saccadic duration is a function similar to that in the monkey. This adds to the evidence that the human saccade also is driven by a pulse-step signal.
5. In both monkeys and humans, Tl, the reciprocal of the frequencv of M 1, is shorter than both the saccade duration and the burstduration of individual motoneurons, even though neurophysiological studies in monkeys generally report the saccadic burst duration to be equal to the saccade duration. This probably arises because the saccadic pulse is not rectangular, with the extremes contributing very little energy to the Fourier spectrum. By further computer modeling we show these shape effects explicitly: as the rise-and falltime increase, making the pulse less rectangular, Tl becomes shorter: in addition, as the asymmetry of rise and fall increases, the depth of the minima is reduced. We conclude that Tl measures the "effective pulse" duration of the motoneuron.
6. There is a difference in the relationship of effective pulse duration to the saccade duration between short and long saccades. For saccades shorter than -40 ms in the human and 50 ms in the monkey, the pulse width as measured by this technique varies little with saccade duration. For longer saccades, effective pulse width increases linearly with duration. We agree with others that for short saccades the pulse is both height-and width-modulated; but for longer saccades, height modulation saturates and only width modulation remains. 7. We propose that, with future study, this technique may provide a means for studying the saccadic burst generator of other species without the need for extensive electrophysiological surveys. It may also have clinical application in clarifying the effects of neuropathology on the human saccadic generator. We propose that this technique may reveal the existence of pulse-step innervation patterns in other motor systems where the neural firing patterns that activate the muscle are unknown.
INTRODUCTION
One of the salient accomplishments of oculomotor physiology has been the elucidation of some of the premotor mechanisms involved in the generation of saccades. Studies of the passive mechanical characteristics of the eye in the orbit have shown that a simple step change in the level of excitation of the ocular motoneurons cannot cause the rapid and critically damped trajectory of saccades (Robinson 1964) . Models have shown that typical saccadic trajectories could be reproduced if a pulse of excitation of the appropriate magnitude and duration is added to the step change in the firing rate of the ocular motoneurons (Robinson 197 1). Electrophysiological studies have since found that such properties characterize the motoneuron discharge; several types of premotor neurons that could collectively form a saccadic burst generator have also been discovered (Fuchs et al. 1985; Robinson 198 1) . It is unknown, however, whether these results and models are applicable to all vertebrates because they are based largely on results from monkey and, to a lesser extent, cat. We have reasoned that, because the Fourier spectra of pulses and steps are distinctive, it may be possible to study some aspects of the saccadic burst generator by Fourier analysis of eye movements, rather than by electrophysiology. Such an approach would facilitate the study of saccadic mechanisms in species in which obtaining an electrophysiological survey of the oculomotor system would be difficult, or, as in the case of humans, impossible. This paper has three parts: first, we describe the general features of the Fourier transform (FT) of human saccades obtained by the use of a method of greater resolution than previously published. We found that the spectra contain a series of small features that, we argue, are correlated with the duration of the "effective pulse," that is, the aggregate of all excitatory and inhibitory activity recruited during a saccade, as opposed to the actual burst observed in a single motoneuron. Second, we analyze a sample of monkey saccades and corresponding motoneuron discharges. We show that our estimates of burst duration made from the saccade Fourier spectra are correlated with those made from the motoneuronal activity. Finally, in the DISCUSSION, we use computer modeling to describe the effect of different changes in the fine structure of the motoneuronal saccadic burst on these features of the Fourier spectrum. 
Technique of Fourier analysis
The power spectra and phase plots presented here were obtained from simple FTs of digitized eye movement records.' A special algorithm was developed that permitted the infinite FT to be computed even though the eye movement records were obviously finite in duration. This was done to avoid problems of truncation with finite FTs: to extract a valid infinite FT with the use of a finite FT, it is usually necessary to assume that the input signal is periodic, that is, that the complete signal repeats itself, end-on-end, ad infinitum.
This "wrapping around" can cause severe problems, especially if the signal levels (in this case, the recorded eye position) at the beginning and end of the measurement differ, as is inevitable with saccade recordings. One remedy for the distortion caused by this assumption of periodicity is to use special digital filters (windows), which allow an approximation to the infinite FT.
For recordings of saccades, however, the signal is approximately known outside the range of measurement and the assumption of periodicity becomes unnecessary. For example, if we consider a single saccade that moves the eye from point A to point B, we can treat it as if the eye has always been at point A before the saccade began and that the eye will always be at point B when the saccade is completed.2 Thus, although the saccade is recorded only over a finite time interval sufficient to capture the movement, we can assume that we know eye position over the infinite time interval, and so we can calculate the infinite FT. The AP-PE:NDIX shows this calculation. As can be seen, only an additive correction is needed at every nonzero frequency to convert a fmite FT to an infinite FT.
A fast FT could be adapted by this technique to provide a precise infinite FT, but the transform would be found only at a limited number of frequencies predetermined by the sampling rate and sample size. Instead, we used numerical integration with trapezoidal integration. (This procedure produced less distortion than Simpson's rule, especially at subharmonics of the sampling rate.) Although this method is computationally slow, it can compute the FT at any frequency and without artifacts over the frequency range we are considering. The algorithm was tested on various known functions and was found to be precise to at least -60 dB up to 100 Hz (one-fifth of the Nyquist frequency). This was accurate enough for our purposes and no further attempt was made to refine the algorithm.
The computer analysis was carried out on a DEC LSI-1 l/23 and resulted in Bode plots. The frequencies at which local power spectral minima and phase transitions occurred were measured from the Bode plots by the use of a digitizing tablet. We estimate that the error in measuring the frequency of spectral minima to be -2%. Eye movements were recorded on each of two days from two adult subjects by means of the magnetic field-search coil technique, with the eye coils mounted on flexible silicone annuli (Collewijn et al. 1975) . The resulting eye position signals were ' Throughout we use "Fourier spectrum" or "spectrum" to refer to the simple Fourier transform of a nonrandom signal. We use "power" in a popular but nonrigorous way to mean the squared modulus of the simple Fourier transform; this is subject to the usual conditions of convergence.
We use "phase" to refer to the arctangent of the ratio of the imaginary-toreal components of the simple Fourier transform. ' Strictly speaking, for the eye to accomplish this, some nonsaccadic mechanism would be required to compensate for the finite time constant of the oculomotor integrator.
digitized at 1,000 samples/s to a resolution of 0.02 deg, with an accuracy of 0.25 deg. The subjects were instructed to make saccades at their leisure between indicated pairs of targets that were separated by 5, 10 and 20 deg, either horizontally, vertically, or obliquely. A sequence of 14 pairs of targets were completed four times; of the resulting saccades, we studied only the horizontal and vertical saccades, including small corrective saccades.
MONKEY.
The monkey recordings were obtained as part of a study of abducens motoneurons (Fuchs et al. 1988 ). The rhesus monkey had an eye coil threaded behind the insertions of the eye muscles (Fuchs and Robinson 1966) and was trained to make saccades to a light-emitting diode positioned at random locations under computer control. Microelectrode recordings were made from single units in the abducens nucleus and recorded on an FM instrumentation tape recorder along with the eye position signals. To analyze the motoneuron discharge, the instantaneous spike rate was calculated by taking the reciprocal of the interspike interval (to the nearest millisecond)3.
Spike rate was then Fourier analyzed in the same fashion as the eye-position signal.
ANALYSIS.
The saccades of both humans and monkeys were analyzed identically. The computer searched the digitized eyeposition record for saccades ~0.5 deg and displayed them on a Nicolet digital oscilloscope; the operator verified or adjusted the start and end times of each saccade. The portion of the record beginning 25 ms before the saccade and ending 25 ms after the saccade was written into a file, and, subsequently, the FT of this record was computed and plotted. The extra 25 ms of eye-position signal at each end of a saccade was included to ensure that there was no possibility of a saccade record becoming abbreviated because of small errors in defining the start and end of a saccade.
RESULTS
Our main finding concerns features in the Fourier spectra of saccades that are apparently related to the underlying saccadic pulse. These features occur at high frequencies with little energy and were not resolved by the FFT technique used by Zuber et al. (1968) . Before analyzing these features in detail, we will present some general aspects of saccade Fourier spectra.
General c /kat ures y /'Fourier spectra of'saccades
The power spectrum of a typical horizontal IO-deg human saccade is shown in Fig. 1 (top). At low frequencies there is a constant roll-off of 20 dB/decade. The roll-off increases at -10 Hz, and peaks and troughs (fine structure appear below about -40 dB. Fig. 1 (middle) shows the phase plot for the same IO-deg saccade. As can be seen, for the low frequencies at which there is a smooth 20 dB/decade roll-off in the power spectrum, the phase is constant at 90 deg. At higher frequencies there are rapid shifts in phase of 180 deg for each local minimum in the power spectrum. This is more clearly seen by plotting the derivative of phase with respect to frequency, as shown in Fig. 1 (bottom) . The phase change proportional to frequency caused by the arbitrary time origin can be measured easily at low frequencies by the downward shift of the plot away from the origin.
3 There is an implicit assumption that spike frequency, rather than interspike interval, is the variable of interest here. We note that even on theoretical grounds this can be only an approximation because spike trains will have more power at higher frequencies than the signal composed of the intersoike intervals. This rate (K), seen as the y-intercept when phase change is plotted against frequency (Bottom), is fixed for a given saccade. Because this phase shift is an artifact of arbitrary time origin of the eye-movement record, it has been removed by subtracting the product of Kand frequency from the original phase plot. Bottom: phase change spectrum. Original phase differentiated with respect to frequency. Arrows point to first local minimum. M 1.
We have found these same features in 1,500 human and monkey saccades that we have analyzed by this method. The initial 20 dB/decade roll-off in the power spectrum is consistent among all saccades and reflects the power of the overall step change in eye position. Indeed, if saccades were instantaneous, the power spectrum would roll-off at 20 dB/decade; and phase would be constant for all frequencies, as shown by the dotted lines in Fig. 1 . The departure from this roll-off in saccades indicates a lack of energy at high frequencies and is an indicator of the fine structure of the saccade. Because larger saccades have longer durations, the departure from the 20 dB/decade roll-off begins at lower frequencies as saccade amplitude increases (Fig. 2) . This quite clearly reflects the nonlinearity with respect to amplitude in the saccadic system.
Fourier spectra ofsaccades contain a dejnable jkature, Ml . A consistent feature of the power spectra of saccades is the first local minimum (called M 1). We found that almost all saccades exhibit M 1, which is clearly visible in the examples shown in Fig. 1 (arrows) . Close examination of the Bode plots of Zuber et al. ( 1968) also reveals traces of M 1. However, because of the poor amplitude resolution inherent in their technique, this feature was not clearly established as separate from noise. As mentioned above, there is a corresponding phase shift of 180 deg for Ml and other minima (Fig. 1, bottom) . Consequently, M 1 can be reliably identified from either the power spectrum or the frequency derivative of the phase.
The frequency at which M 1 occurs depends on saccade amplitude. As can be seen from the examples in power spectrum, and phase transitions in the phase spectrum, at higher frequencies. These minima (M2, M3, etc.), which are more difficult to identify consistently, will be discussed later.
Ml cannot be attributed to noise Note lack of fine structure. Bottom: pulse-step response shows fine structure in power spectrum like that of human saccades (cf. Fig. 1, 10p) . Reciprocal of frequency of Ml equals 30-ms pulse duration.
To estimate the amount of noise in the saccade Fourier spectra, intersaccadic intervals were recorded and Fourier analyzed.4 In these intervals the eye was approximately stationary and could give estimates of both machine noise and fixation noise. The standard deviation of these intervals about mean eye position was ~0.03 deg (<2-min arc). Fig. 4A shows the power spectrum of a 500 ms intersaccadic interval. The noise has a small peak at line frequency (60 Hz) and a rise at very low frequencies. This rise is due to the fact that the signal does not begin and end at the same level because of random fluctuations and a very slight drift (0.01 deg/s). Thus a very small step is introduced. Apart from these two departures, the noise maintains a level of about -50 to -60 dB, whereas for large saccades Ml appears at about -40 dB, or at least 10 dB above the noise level? crosses, reciprocal frequency of M 1 (T 1) in motoneuron discharge power spectrum.
Computer simulations ofpulse-step combinations predict A41 charact erist its To illustrate the possible origin of M 1, we employed computer simulations of eye movements, as shown in Fig.  5 . The dynamic response of the human eye is modeled by a fourth-order ocular plant (Robinson 1964 ). This plant model was subjected to a step input (Fig. 5, top) , and also a pulse-step combination (Fig. 5, bottom) . As can be seen, the step input produces an output with a power spectrum that monotonically decreases with frequency. On the other hand, the pulse-step input results in an output power spectrum quite similar to the power spectra of human saccades (cf. Fig. 1, top) .
The frequency of M 1 in power spectra of the computer simulations is equal to the reciprocal of the duration of the pulse component of the pulse-step input. This is because a rectangular pulse has no power at wavelengths exactly equal to the pulse width. (The power in the step component, however, prevents the minimum from actually reaching zero.) Thus as the pulse duration increases, the frequency of M 1 decreases in reciprocal fashion. It is well established from neurophysiological studies of the monkey that the duration of the burst component of the motoneuron discharge during a saccade increases with saccade amplitude. The finding that the frequency of Ml decreases with saccade amplitude in humans suggests that Ml reflects the pulse in the human saccade generator, and moreover, that the frequency of M 1 is, to a first approximation, related to the duration of the pulse component. We will means that only the finite FT of the noise component is actually found. This FT is equivalent to the convolution of noise power spectrum with the FT of the sampling window.
Assuming a rectangular window, this will give rise to apparent spectral noise fluctuations separated by the reciprocal of the window duration.
When the window is 500 ms, the fluctuations occur about every 2 Hz (Fig. 4A) now show more direct evidence that this is the case anal yzing neurophysiological data from the m .onkey. monkey motoneuron bY By recording the discharge of motoneurons in the abdutens nucleus during predominantly horizontal saccades, we were able to estimate the duration of the burst provided by the premotor neurons constituting the saccadic burst generator. This estimate could be compared to the estimate based on M 1 from the saccades during which the motoneuron records were obtained. Figure 6 shows an example of a motoneuron discharge and the corresponding saccade, together with their respective Fourier spectra. To compare burst duration to M 1, two quite different measures of burst duration were made. One was obtained by asking two observers to measure the duration of the burst component of the motoneuron discharge; the other was obtained by finding Ti in the power spectrum of motoneuron discharge. Despite the difficulty of objectively defining the precise end of the burst component, there is a fairly tight relationship between burst duration and T 1 (r = 0.90, slope = 0.86, Fig.  7 ). We take this as confirmat.ion that Ml in the saccade Fourier spectra is due to the aggregate burst component of the motoneuronal discharge. We also conclude that Tl in the power spectra of saccades is related to the duration of the underlying pulse component in the saccade generator mechanism.
Mat ion of' Fourier spectra minima to saccadic duration Given the general relationship between saccadic amplitude and duration in humans and monkeys (reviewed by Robinson 198 1) and the dependence of M 1 on amplitude in the human (Fig. 2) it is not surprising to find a relationship between M 1 and saccadic duration in both the human and monkey. Figures 8A and 9A show this by plotting Tl against saccadic duration. The surprising outcome is that Tl is shorter than saccade duration by as much as 30 ms.
Close examination of the relationship between Tl and the saccade duration reveals a linear portion for saccades longer than -50 ms (r = 0.88 for monkeys and 0.92 for humans; dashed lines in Figs. 8A and 9A ). The higher-order minima (M2, M3, etc.) show similar linear segments that can be seen from plots of T2 and T3 (r values all >0.87; Figs. 8B and C and 9B and C). These minima are more obscured by noise and only those that could be identified clearly were plotted. For the monkey (Fig. 8) , Tl is roughly a constant 25 ms shorter than the saccade duration for saccades longer than -50 ms. For saccades shorter than -50 ms, the relationship between T 1 and saccade duration has negligible slope. Thus if T 1 estimates pulse duration in this region of saccade size, it indicates that the duration of the saccadic pulse does not change with saccade duration for short saccades. For human subjects there is a generally similar relationship between T 1, T2, T3 and saccade duration (Fig. 9) . As in the monkey, Tl is always shorter than the saccade. The transition between the two segments is more gradual than in the monkey, and it seems to occur at about 40 ms, corresponding to 5-deg saccades (Fig. 9D) .
Our modeling has shown that if the pulse were precisely rectangular, M2 and M3 should be at harmonic frequencies of Ml. That is, T2 should be one-half, and T3 onethird, of Tl (Fig. 5) . Instead, we find that T 1, T2, and T3 are far from harmonically related for short duration (small saccades), but approach harmonic relation as saccade duration (size) increases (T2/Tl = 0.52, T3/Tl = 0.38, for IOO-ms duration). This departure from a harmonic relationship is not unexpected, because the pulse is known not to be perfectly rectangular. We will discuss this further in the DISCUSSION. Moreover, in small saccades, the total absence of any harmonic relationship among T 1, T2, and T3 in both species suggests that the pulse shape is substantially different in these saccades. DISCUSSION We have shown that there is a set of features in the saccade Fourier spectrum, M 1, M2, etc., that can be readily identified from either the power spectrum or the associated phase plot and are not artifacts of noise. These features vary consistently with the saccadic duration in both monkeys and humans, and are correlated with monkey motoneuron-burst duration in a way that suggests that they are related to the duration of the saccadic pulse. Because the results from humans and monkeys are generally similar, these findings add to the existing evidence (Collins et al. 1975 ) that the pulse-step organization evident in monkeys also exists in humans.
If human saccades were produced by motoneurons firing synchronously with a simple step and a rectangular pulse of firing frequency, two simple predictions could be made. First, the frequency of M 1 would be the reciprocal of the duration of the saccadic pulse (Fig. 5) . Second, each of the higher-order minima would be at a harmonic of Ml. That is, M2 would be at twice the frequency of M 1, M3 would be at three times the frequency, etc.
Our results contain two interesting departures from these predictions: first, we found that Tl is consistently shorter than the saccade duration in both monkeys and humans and is shorter than the motoneuron-burst duration in monkeys. Second, we found that the minima occurring at higher frequencies are found at frequencies that are not harmonics of M 1, although they are close to being harmonies.
If orbital dynamics are viewed as a linear filter, the features of the Fourier spectra we observed should also be present in the Fourier spectra of the effective motoneuron burst, i.e., the aggregate activity of all motoneurons. This includes the fact that the effective pulse duration (Tl') is shorter than saccade duration, although most studies of ocular motoneurons have emphasized the fact that actual burst duration approximates saccade duration (Henn and Cohen 1973; Luschei and Fuchs 1972; Van Gisbergen et al. 198 1) . There are several physiological reasons why Tl' should be shorter than the saccade duration. First, the individual motoneuron burst is not rectangular, but rises quickly and decays slowly (Goldstein 1983; Luschei and Fuchs 1972; Van Gisbergen et al. 198 1) . This implies that the aggregate saccadic pulse also is not rectangular. The burst duration in burst neurons measured by Luschei and HARRIS, WALLMAN, AND SCUDDER Fuchs (1972) was the time between the first and last spike and thus not a good measure of the Tl' under consideration here. This explanation is similar to an hypothesis proposed by Bahill et al. (1975) .
Efticts q/the shape ofthe saccadic pulse C. L
In addition to the fact that the discharge of individual motoneurons is not rectangular, several other factors act to make the aggregate activity not rectangular. These are: I) motoneurons differ in threshold and thus in their degree of recruitment in particular saccades; 2) all motoneurons do not begin firing synchronously but are recruited over a 5-ms range of latencies (Van Gisbergen et al. 198 1) ; 3) the mechanical dynamics of the extraocular muscles are imperfectly known and can influence the relation between motoneuron output and saccadic trajectory and duration; 4) the possibility exists that small "braking" pulses from antagonist motoneurons influence the termination of the saccadic pulse (Lehman and Stark, 1983; Van Gisbergen et al. 198 1) .
To consider in detail the effects of pulse shape on the characteristics of M 1, M2, etc., we used computer modeling to determine the effect of the shape of the saccadic pulse and of the characteristics of the ocular plant.
Figure 10 (top) shows three artificial saccadic pulses, all 28 ms in length, together with the resulting Fourier spectra. Figure 10 (middle) shows these pulses added together to the tonic component, thereby representing the motoneuron activity. Figure 10 ( bottom) shows the eye movement that results when this activity is applied to a fourthorder model of the plant. It is clear that for the rectangular pulse, M 1 for the motoneuronal discharge is very deep, and the frequency of M 1 is precisely the reciprocal of the pulse width in all three spectra. If the saccadic pulse is not of constant height, but falls by one-half by the end of the pulse (Fig. lOB) , this reduces the sharpness and slightly increases the frequency of M 1. If, in addition, the pulse has a finite rising phase (as is the case in monkeys), both of these effects are augmented (Fig. IOC) . The M 1 frequency increase may be seen as a decrease in the "effective pulse width." Shape factors can also influence the degree to which the minima are harmonically related. To show this, we modeled the saccade by the equation Eye velocity = [sin (x) + A sin (2x) + B sin (3x)3" where x = pi(t)/saccade duration, and the velocity is assumed to be zero before t = 0 and after t = saccade duration. With respect to the saccade, the effect of A being progressively greater than zero is to make the velocity asymmetric around the peak velocity; the effect of B being greater than zero is to sharpen the risetime and falltime; the effect of the exponent C being greater than one is to reduce the transient of acceleration at the start and end of the saccade. With respect to the minima, we find that as B increases, M 1 moves to longer durations (lower frequencies), but the higher minima are unaffected. This is the same effect mentioned above, that as the rise-and falltimes become shorter, the duration of M 1 approaches the saccade duration because the effective pulse width becomes the total pulse width. Varying A only changes the depth of the minima. Finally, the effect of increasing C is to increase the frequency of all minima equally, which, by being an additive change, alters the harmonic relationships among the minima.
The end result is that any one of these spectral measures does not by itself provide an absolute measure of the duration of the saccadic pulse; rather, shape factors play a role. This fact does not necessarily detract from the usefulness of these minima; rather, we argue that the effective pulse width that these minima reflect may prove to be as physiologically relevant as the total pulse width. Effects of'saccade size . . . We have shown that in medium and large saccades the reciprocals of frequencies of all of the minima increase linearly with saccade duration, but in small saccades they do not. The presence of two different relationships between Tl and saccade duration for large and small saccades suggests two different schemes for modulating the pulse. It is generally accepted that, for small saccades, burst frequency increases with saccadic size, whereas burst duration does not; that is, the pulse is principally height-modulated. For larger saccades the firing frequency of motoneurons is maximal, and the pulse component of the motor output can be increased further only by increasing the width of the pulse, giving rise to pulse-width modulation. This model explains the gradual change in the slope of saccade duration versus saccade amplitude that occurs at 4 deg (Bahill et al. 1975 ). It does not explain why the relationship between Tl and saccade duration should change, because for a linear system, pure pulse height-modulation would not change saccade duration nor, of course, pulse width. We postulate that there is a change in pulse geometry with increasing saccade size that occurs in parallel with the change from pulse height-modulation to pulse width-modulation.
Such a parallel change in geometry and duration is predicted by the "local feedback" model of the saccadic burst generator (Robinson 1975; Van Gisbergen et al. 198 1) . For small saccades, the burst rapidly rises to its peak frequency and immediately begins decaying. For slightly larger saccades, peak frequency increases considerably, the shape changes little, and the width also changes little. However, for still larger saccades the firing rate begins to saturate; firing rate remains near its peak for a considerable time before declining, and the duration of the burst increases rapidly. In short, the burst goes toward being more rectangular. This is reflected in our data showing a near-harmonic relationship among the slopes of M 1, M2, and M3 for larger saccade sizes. If this hypothesis is correct, then comparison of Figs. 8 and 9 suggests that pulse height-modulation in humans saturates at a shorter saccade duration than in monkeys.
Comparison elf monkeys and humans
The ubiquity of M 1 and its relationship to saccade duration in both human and monkey saccades suggests that it is a useful method for analyzing saccadic pulse-step relationships. As a beginning, we have compared saccades of monkeys and humans. For large saccades, the relationship between the estimate of the effective pulse duration by this technique and saccade duration is quite similar in human and monkey, although comparison of the slopes in Figs. 8B and 9B suggests that for a saccade of a given duration, Tl for the monkey may be slightly longer than for the human. This may be a consequence of the fact that monkey saccades, for the same duration, are faster (and have larger amplitude) than human saccades and may therefore be nearer to saturation velocity. That is, the effective pulse is slightly nearer to rectangular in the monkey. However, we have not analyzed enough subjects to test the generality of this result. We have also observed that Ml is especially noticeable for large saccades and is usually more clearly defined in human than in the monkey saccade Fourier spectra. This might indicate either that human pulses have more abrupt offsets than monkey pulses or that the signal/ noise ratio is higher for humans because the minima occur at lower frequencies. There is also considerable variability in the sharpness of Ml within a subject, perhaps because the pulse shape is variable.
Limitations
Unfortunately, at the present time, we cannot be more precise about the nature of the effective pulse. Our ability to deconvolve the Fourier spectra to derive an exact shape of the effective pulse is limited both by our lack of a complete understanding of orbital dynamics and by the resolution of the technique. However, the potential to do this does exist, if noise can be reduced further, sampling rate increased, and the dynamic response of the subject's ocular plant estimated. The accuracy of any deconvolution would, of course, ultimately depend on the degree of linearity in the system.
Conclusions
In conclusion, we have shown a method by which some features of the saccadic pulse can be estimated without recourse to electrophysiology. This method may provide a way to extend to other species, in particular to humans, the neurophysiological analysis of the saccadic mechanism that has been carried out in monkeys. Perhaps this method may have clinical application in clarifying the effects of human neuropathology on the saccadic system. Clearly though, more work is needed in monkeys with simultaneous single-unit and eye-movement recording before it would be possible directly to infer the changes in the saccadie pulse generator producing the changes in saccadic Fourier spectra. In addition, this Fourier technique could also be used to study other, less well characterized, motor patterns to assess whether these behaviors resemble saccades in that they result from similar combinations of a pulse and step of neuronal activity. 
